In this work we investigate the influence of motor axes orientation
Introduction
Parallel robots, unlike serial, traditional ones, have the endeffector connected to the base by several kinematic chains in parallel. Research into the field of parallel robots documented in the literature dates back to the year 1938, when Pollard patented his mechanism for car painting ͓1͔. In 1947 Mc Gough proposed a six-degree-of-freedom platform, which was later used by Stewart in his flight simulator ͓2͔. Parallel manipulators are particularly suited to a number of typical industrial applications and have been of interest to various researchers over the years. In recent years several new structures and mechanisms have been developed for a variety of both established and novel applications, such as packaging, assembly, haptic interfaces, etc. ͓3-8͔.
Parallel manipulators possess a number of advantages when compared to traditional serial arms. They offer generally a much higher rigidity and smaller mobile mass than their serial counterparts. These features allow much faster and more precise manipulations. A catalogue of a large variety of parallel configurations can be found in the book by Merlet ͓9͔ and at his internet page ͓10͔.
The DELTA robot ͓3͔ is an original design that arose from the need detected in the production and manufacturing sectors for manipulators better suited to the fast execution of light-duty tasks. As seen from Fig. 1 , the three closed kinematic chains consisting of arms and parallel rods, are identical and actuated by three revolute electric motors rigidly mounted on the top ͑robot base͒, and closed below at the common toolbase by ball joints. The combi-nation of the constrained motion of these three chains results in three translatory degrees of freedom for the robot tool-base. The structure is very rigid. Its lowest natural frequency is approx. 120 Hz. Capable of achieving 500 m/s 2 , the direct drive DELTA robot is one of the fastest robots in the world. This paper considers the feasibility of various layouts for threedegree-of-freedom parallel robots, and discusses the potential advantages and disadvantages of different architectures. Like the Delta, the robots considered in this paper consist of three kine- "b… bottom view; "c… side view; "d… NUWAR prototype Transactions of the ASME matic chains in parallel, which connect the base to the endeffector. It is of particular interest to determine, for given dimensions of a manipulator, how the size and shape of the robot workspace varies with values of two angles defining the orientations of the motor axes. Finding the optimal values of these angels, from the point of view of the workspace volume, was an initial objective of this study. Based on the workspace volume and shape analysis, a new mechanism is proposed and a prototype constructed-the New University of Western Australia Robot.
The Workspace of Delta-Type Manipulators-Effect of Motor Axis Orientation
The robots analyzed in this study are variations of the Delta Robot, Fig. 1 . The arm/forearm assemblies are identical, and located symmetrically on the sides of an equilateral triangle. In all models the Z axis is perpendicular to the base plane and points vertically up. The X and Y axes are located in the base plane, with the X axis pointing towards motor #1. The origin is located at the point equidistant to the three motors.
The computer models of the robots were written parametrically so that different configurations can easily be analyzed. The mechanical simulation package ADAMS ͓11͔ and AutoCad/AutoLisp ͓12͔ were used. In addition to the dimensions of each component, two design variables-angles ␣ and ␤-are introduced: ␣ measures the inclination of each motor to the horizontal; a positive value rotates the motor in a clockwise direction when viewed from the outside ͑for the Delta robot ␣ϭ0°͒, and ␤-rotation of each motor with respect to the vertical ͑Z͒ axis ͑for the Delta robot ␤ϭ0°͒. These two angles determine the orientation of each motor axis ͑i.e. the controlled revolute joint axes͒, which connect the arms to the base. As the arm is rigidly attached to its motor axis, the angles ␣ and ␤ control the orientation of the three arm/ forearm assemblies. Varying ␣ and ␤ angles leaves the locations of the three motors unchanged.
All dimensions have been chosen as in the DELTA-740 ͓13͔, see Table 1 .
The robot's workspace was derived using AutoCAD. A generalized program was written using AutoLISP in terms of the design variables mentioned above. For each layout ͑i.e. different values of ␣ and ␤͒, there exist equivalent configurations, which are mirror images, or 180°rotations of the original layout. Due to this ''equivalence'', it is only necessary to consider ␣ and ␤ in the range from 0 to 90 degrees.
It is also of interest to note that the motor axes are orthogonal to each other when ␣ϭArcTan(1/&)Ϸ35.26°. Also, when ␤ ϭ60°motor axes become parallel to the opposite sides of the base triangle. The volumes of the workspace on one side of the base plane were calculated for ␣ and ␤ between 0 to 90°, using 1°s pacing between consecutive layouts. In total 91ϫ91ϭ8281 volume calculations were performed.
The results for a ten by ten grid of the design variables are shown in Table 2 . The volume of the workspace varies widely as ␣ and ␤ change. The layouts of interest are those, which have the workspace volume greater than that of the Delta robot. The maximum volume is about 13% larger than that of the Delta robot. There is a range of values of ␣ and ␤ for which the workspace volume is close to this maximum value. These larger workspace volumes occur when ␣ is in the range of 0.5␤ to 0.8␤ ͑for all values of ␤͒. The workspace is also large ͑1.08 times Delta͒ when ␣ϭ90°. The shape of the workspace also varies widely as ␣ and ␤ change.
It is evident that the Delta configuration is not optimal in terms of the workspace volume. Other feasible configurations occur in the range ␣Ͼ30°and ␤Ͼ50°degrees.
Because the motor axes are orthogonal when ␣ϭ35.26°de-grees and they are parallel to the sides of the base triangle when ␤ϭ60°, this configuration-known as the New University of Western Australia Robot-NUWAR, Fig. 2 -was chosen for a more detailed analysis. The workspace of NUWAR is 9.4% larger than the workspace of the Delta, assuming all dimensions being the same. Figure 3 presents workspaces of the NUWAR and Delta robots. Delta's workspace is symmetrical with respect to the base-plane, Fig. 3c . However, only ͑bottom͒ half of this workspace can be utilized in practice. NUWAR's workspace is not symmetric ͑Fig. 3d͒ but the useful bottom half is larger than that of the Delta.
Close examination of the shape of the NUWAR's workspace ͑Fig. 3d͒ reveals that it has a larger cross section in the region closer to the base plane (zϾϪ0.35 m), but a smaller cross section further from the base-plane (zϽϪ0.35 m), in comparison to the workspace of the Delta, Fig. 3c . Hence, this robot would be more suitable for applications where a larger workspace is required close to the base-plane, which is typically the case in the light duty pick-and-place applications.
NUWAR Prototype
The results of numerical simulations formed a basis for a construction of a prototype ͓14͔. The robot ͑Fig. 2d͒ is actuated by three high-torque BSM100B-2250 AC servomotors. The amplifiers chosen are DBSC 1110 AAAW AC Servo Drives. The control of the robot is executed by a PMAC-Lite four-axis controller. This equipment was supplied by Australian Baldor ͓15͔.
Additional refinement in the design of NUWAR's kinematic arrangement was the replacement of the ball joints connecting the parallelograms to the arms and the traveling plate, by pin joints ͓8,16͔. This improvement allows for more robust mechanism, with higher torsional rigidity. Also, the manufacturing of the NUWAR mechanism employing pin joints is simpler.
The maximum acceleration achievable by NUWAR's travelling plate, as measured by motor angular encoders and transformed to the task space using the model of manipulator kinematics, is about 600 m/s 2 .
Discussion and Conclusions
This paper presents the mechanics of the New University of Western Australia Robot-optimally structured Delta-type parallel robot. Maintaining all dimensions, and therefore, the size of the robot, unchanged, the influence of motor axes orientation ͑angles ␣ and ␤͒ on robot's workspace volume and shape was researched. The results show that the configuration of the New University of Western Australia Robot-NUWAR is advantageous over the Delta configuration in terms of workspace volume. The shape of the workspace of NUWAR is beneficial for applications involving manipulations relatively close to the base plane. 
Optimized Kinematic Properties for Stevenson-Type Presses

Introduction
Stevenson-type mechanisms are widely used in presses because of their structural simplicity for drawing process, but seldom for cutting. The presses are driven by electric motors that run at constant speed. The desired output motions are achieved by dimensional synthesis of the links. This paper presents an alternative approach by varying the crank's speed of the press to obtain various desired output motions. With a properly controlled servomotor, a press can be programmed to perform various processes, e.g., cutting, forming, and drawing.
Ulas and Craggs ͓1͔ verified that the mechanical state of a material can be represented as a point on the stress-strain-strain rate surface. Dies were designed with very special and complicated shapes to maintain the state of material along the optimal curve. However, if we can vary the input speed of the press, the required optimal drawing process can be obtained through the use of simple die shapes.
In the past years, Tesar and Matthew ͓2͔ derived the motion equations of the follower by considering the variable speed cams. Yan et al. ͓3-6͔ contributed to improve the motion characteristics of the follower acceleration by servo solutions. Connor et al. ͓7͔ discussed path generation problems of a 5-bar linkage with one input link driven by a variable-speed servomotor. Herman et al.
͓8͔ used hybrid cam mechanisms to reduce the peak power of the servomotor. And, Yossifon et al. ͓9͔ produced a servomotor-driven multi-action press. They further ͓10-12͔ used the characteristics of a servomotor to generate a press that provides constant force during working.
The purpose of this study is to design, for Stevensonmechanisms, a general input speed trajectory and useful geometric properties that lead to desired ram motion for cutting and forming processes. Figure 1 shows the flow chart of the proposed system. The goal is to design a feasible variable input speed trajectory that satisfies the desired output motion characteristics of the ram. Bezier curves and optimization methods are applied for providing a satisfactory speed trajectory. And, kinematic analysis is performed for achieving the desired output motion characteristics. However, if the input/output results are not satisfactory, the dimensional properties of the press can also be considered as the design variables. The PID method, not discussed in this paper, can be used to control the servomotor for driving the input link along the derived speed trajectory.
The System
Bezier Curve
Since the input link of the press is a crank undergoing a circular rotation, we define the displacement trajectory of the crank by an nth order Bezier curve (t), as shown in Fig. 2 , with parameter t as:
where
and UDC represents the corresponding crank angle when the slider reaches its upper dead center at tϭ0.
(t) belongs to ͓ UDC , UDC ϩ2͔ and is a Bezier curve that represents the angular displacement of the input link defined by control points i 's. Parameter t is regarded as the normalized time from 0 to 1. One of the advantages for choosing a Bezier curve for motion trajectory is that this curve is nth order differentiable, which guarantees smoothness of the entire motion. Hence, the angular velocity (t) and acceleration ␣(t) of the input link can be derived by continuously differentiating Eqs. ͑1͒-͑2͒ with respect to time as:
where dB i,n (t)/dt and d 2 B i,n (t)/dt 2 are derivatives of B i,n (t) from Eq. ͑2).
The computation from input motion characteristics, Eqs. ͑1͒, ͑3͒, and ͑4͒, to output motion characteristics is based on vector loop approach ͑Hall ͓13͔͒. The ram motion trajectories such as linear displacement, velocity, and acceleration are thus computed, not shown for short, and denoted as d(t), v(t) and a(t).
Optimization
The derived motion curves on the input link, Eqs. ͑1͒, ͑3͒, and ͑4͒, contain undetermined control points 0 , 1 , . . . , n . Since 0 and n are the boundary conditions for crank angles in a cycle, 0 ϭ0 and n ϭ2 must be specified, and UDC in Eq. ͑1͒ makes ͑0͒ and ͑1͒ equal to UDC and UDC ϩ2. The remaining control points 1 , . . . , nϪ1 become the design variables that are selected by optimization method.
The optimization is formulated as:
Subject to equality constraints h j ͑ 1 , . . . , nϪ1 ͒ϭ0 jϭ1, . . . ,n h
and inequality constraints g k ͑ 1 , . . . , nϪ1 ͒Ͻ0 kϭ1, . . . ,n g (7) where n h and n g denote the number of equality and inequality constraints. The objective function f A ( 1 , . . . , nϪ1 ) is to improve the output characteristics of the mechanism. It is usually selected to minimize the peak acceleration, jerk, or a combination of both of the output motion or to reduce the required torque or speed variation of the motor. If the output peak acceleration a(t) and input speed variation ⌬(t) are the subjects, the objective function is:
where w 1 and w 2 are weighting factors while re f erence(a(t)) and average((t)) are used for normalizing. The equality and inequality constraints are defined to meet the desired output motion characteristics. Guidelines for defining the constraints are:
1 Motion continuity for Bezier curves is automatically satisfied at all points except at the boundary where tϭ0 and tϭ1. Hence, continuity at the boundary must be specified manually. Equality constraints can be defined for this purpose as:
2 If at some instants t 1 , the ram must pass through a specified position S 1 , an equality constraint should be defined as:
3 If constant velocity in a specified period for the output link is required, inequality constraints is defined as:
where is a small number. The satisfaction of this constraint forces the output velocity v(t) during the period from t c1 to t c2 to be approximately a constant. 4 If a quick-return mechanism with specified time ratio r is the object of the design, an equality constraint is added as:
where t return is the time at which the ram reaches its dead point of return, and ͉ dϭStroke represents its corresponding crank angle. 5 If at some instants t 3 and t 4 , the velocity or acceleration must not exceed a specified value, inequality constraints should be added as:
Additional constraints should be defined with specific cases and applications. Now, all information needed for optimization is derived. Any optimization method can be used to determine the design variables 1 , 2 , . . . , nϪ1 . Substituting 1 , 2 , . . . , nϪ1 into Eq. ͑3͒, the desired crank's speed trajectory (t) becomes:
Dimensional Synthesis
When designing a new press, proper dimensional synthesis may further reduce the input speed variation of the mechanism. The Stevenson's mechanism, Fig. 2 , can be divided into a 4-bar linkage and a mechanism with its slider driven by the coupler point of the 4-bar linkage. Therefore, the motion characteristics of the output link are greatly related to the shape of the coupler curve traced by point P. Here, we include dimensional properties as addition design variables and rewrite the optimization problem as:
Minimize f B ͑ 1 , . . . , nϪ1 ,r 1 ,r 2 ,r 3 ,r 4 ,r 5 ,r 6 ,r 7 ,␣,␤ ͒ For the mechanism to run continuously, the input link must be a crank. And, the geometric dimensions has to satisfy Grashof criteria ͓14͔ as: 
where r max and r min represent the largest and the smallest link lengths among r 1 , r 2 , r 3 , r 4 while r a and r b represent the other two link-lengths. Moreover, it is reasonable for the slider stroke of the resulting mechanism to remain the same as that of the target press. Therefore, another equality is defined as: h 6 ͑ 1 , . . . , nϪ1 ,r 1 ,r 2 ,r 3 ,r 4 ,r 5 ,r 6 ,r 7 ,␣,␤ ͒ ϭmax͑d͑t ͒͒Ϫmin͑ d͑t ͒͒ϭStroke (22) In this manner, the results will not only the optimal dimensions of the mechanism, but also the useful crank's input speed trajectory.
Examples
Design examples are provided to demonstrate the procedures for upgrading a regular Stevenson press to a multi-action one. We start from the Bliss press, whose dimensions are r 1 ϭ276.08, r 2 ϭ81.16, r 3 ϭ142.12, r 4 ϭ243.49, r 5 ϭ204.63, r 6 ϭ367.30, r 7 ϭ Ϫ141.69, ␤ϭ0 deg, ␣ϭ90 deg, running at average crank speed 60 rpm. In what follows, we provide input speed trajectories to perform both deep drawing and precision cutting.
Example 1: Deep Drawing Process-With Speed Trajectory Planning Only. The task is to provide the mechanism with a useful output speed trajectory for deep drawing. The input speed trajectory of the crank is the motion to plan. A 10th order Bezier curve, Eqs. ͑1͒-͑2͒ with nϭ10, is used to represent the trajectory of the crank displacement.
Recall that 0 ϭ0 and n ϭ2 are the boundary conditions. The remaining control points 1 , . . . , 9 are determined through optimization procedure, Eqs. ͑8͒-͑10͒, and the following constraint:
tϭ0.45 ͉v͑t ͒Ϫv͑ 0.25͉͒dtϪ0.5Ͻ0 (23) By a recursive quadratic programming subroutine, CVM01, the optimal control points 1 , . . . , 9 are obtained as 45.28 deg, 72.20 deg, 227.50 deg, 129.42 deg, 177.28 deg, 205.48 deg, 261.855 deg, 251.08 deg, and 314 .72 deg, respectively. The corresponding input and output motion characteristics are shown in Fig. 3 . Note that the dotted curves, also in Figs. 4 and 5, show the motion for the same mechanism with constant input for comparison. Therefore, by providing the input angular velocity trajectory, during the working period of the press between tϭ0.25 and 0.45, the output velocity remain constant for the need of deep drawing.
Example 2: Deep Drawing and Precision Cutting
Processes-With Dimensional Synthesis. For precision cutting, the ram speed must be slow and remain constant during cutting. The formulation of optimization is the same as in Example 1 except that extra design variables r 1 ,r 2 ,r 3 ,r 4 ,r 5 ,r 6 ,r 7 ,␣,␤ and extra constraints, Eqs. ͑11͒-͑14͒, ͑20͒-͑22͒, are concerned. The resulting r 1 , r 2 , r 3 , r 4 , r 5 , r 6 , r 7 , ␣, ␤ for deep drawing are 271. 07, 51.16, 153.56, 246.25, 301.98, 365.36 234.37, 160.88, 360.26, Ϫ131.38, 0 deg, 83.12 deg, and 1 , . . . , 9 are 34.96 deg, 70.67 deg, 100.18 deg, 154.33 deg, 196.60 deg, 211.93 deg, 241.58 deg, 290.80 deg, and 325 .04 deg, respectively. The corresponding motion characteristics are shown in Figs. 4 and 5. The required ram motion can be achieved when the input link is running at the given speed trajectory. It is noticed that the input speed variation in Fig. 4 is reduced from that in Fig.  3 since the geometric dimensions are also considered in optimization.
Conclusions
This paper presents a concept of using a servo approach for Stevenson-type presses. The motivation is to come up with a new generation of presses that can be used for various types of press works to upgrade an existing press. It uses a servomotor as the power input. By properly designing the input speed, the output motion can pass through a desired trajectory. The input motion characteristics are planned with Bezier curves containing undetermined control points that are selected by optimization methods to satisfy the design constraints and improve the performance of the system. The guidelines for transferring the design problem into the optimization problem are discussed. Additional dimensional synthesis is also discussed to reduce input speed variation. Examples are given. The success of these examples demonstrates the practicability of this idea of multi-function presses. As long as the servomotor can generate sufficient torque to keep the input speed along the pre-determined speed trajectory, the output motion for multi-action is then achievable.
Introduction
A piezoelectric bimorph actuator consists of a thin passive beam sandwiched between layers of piezoelectric ceramic material ͑PZT͒. When opposing voltages are applied to the two ceramic layers, a bending moment is induced in the beam ͑Fig. 1͒ ͓1͔. A pair of cantilevered piezoelectric bimorph actuators can be used as a simple grasping device, where the bimorph actuators act as ''fingers'' ͑Fig. 2͒. Similar grasping designs have been developed for MEMS and robotics by Chonan et al. ͓2͔ and Seki ͓3͔. Bar-Cohen et al. ͓4͔ and Lumia and Shahinpoor ͓5͔ have designed bimorph actuator grippers using electroactive polymers.
The focus in this paper is on the design of a PZT bimorph grasper for application to minimally invasive surgical ͑MIS͒ procedures. During MIS, small surgical tools and viewing equipment are introduced into a body cavity through several 3-10 millimeter incisions. MIS reduces tissue trauma and patient recovery time compared to open surgery ͓6,7͔; however, there is a need for improved dexterity and control in MIS tools ͓8-11͔. We propose the use of an active end-effector such as a PZT bimorph grasper, where the localized actuation at the working jaws of the endeffector allows for precise control of its position.
The tip deflection and force are critical in such a design, as the jaws of the grasper must deflect to close completely while exert-ing a large force to secure tissue or a suture needle. The deflection and force are determined by the geometry of the actuator, the material properties, and the applied voltage. Since the operating frequency is low ͑on the order of 1-2 Hz͒ in MIS applications, only quasi-static response is considered. Using simple models of a standard bimorph actuator with constant layer thicknesses, the blocked force available at the tip ͑force exerted with no deflection͒, and the free tip deflection were calculated. It was determined that a standard bimorph of appropriate size for MIS provides insufficient grasping force and tip deflection ͓12͔. To improve the deflection and force performance of the bimorph actuator, a variable thickness design is proposed where the thickness of the piezoceramic layers is varied along the length. The finite element model for the bimorph actuator is described next.
Finite Element Model
Finite element analysis of the bimorph actuator is performed using ABAQUS ͓13͔ to predict the free tip deflection and the blocked force while subjecting the actuator to a prescribed input voltage. The actuator is modeled as composite beam with a thin steel passive layer sandwiched between layers of PZT5H ͓14͔. The bimorph actuator is 54.0 mm long and 3.0 mm wide. The PZT layers are discretized into five sections, where the thickness of the sections, t i (iϭ1,...,5), are the design variables. Posing the problem in terms of discrete section thicknesses rather than a continuously varying shape limits solutions to those that are easily fabricated from commercially available PZT ceramic material. The finite element model consists of 1944 eight-node threedimensional ͑brick͒ elements with cantilever supports at the root nodes ͑Fig. 3͒. Each PZT section has three elements across its height and width and 10 elements along the length. As the thickness of the PZT sections is varied in the optimization procedure, the number of elements remains constant.
In the FEA simulations, each PZT section is driven at its saturation voltage so that the maximum induced strain in each PZT section can be obtained. The saturation voltage is the maximum allowable voltage and is proportional to the thickness of the PZT material. By operating each segment at its saturation voltage, the voltage is varied along the length of the bimorph actuator, resulting in dramatic improvements in the tip deflection and force compared to the same bimorph operated at a constant voltage.
Solution Approach
A metamodel-based approach is employed in this study to simultaneously maximize tip deflection and blocked force of the bimorph actuator. Metamodeling involves the use of design of experiments ͓15͔ and metamodels ͑e.g., response surfaces ͓16͔͒ to sample a design space and construct inexpensive-to-run approximations of a computationally expensive computer analysis like ABAQUS. The approximations are then used in lieu of ABAQUS to rapidly explore the design space during optimization; a detailed explanation of our approach is given in ͓17͔.
For this study, a half-fraction central composite face-centered ͑CCF͒ design ͓16͔ is used to sample each design variable at one of three levels: 1.0 mm, 2.0 mm, and 3.0 mm. The CCF design allows us to sample the free deflection and blocked force of the PZT bimorph actuator at 27 points in ABAQUS to generate enough data to build approximations for tip deflection and blocked force. Two different types of metamodels-response surface models and kriging models-are employed to construct approximations from this sample data. The response surface models used in this study are second-order polynomial models of the form:
where ŷ (t) is the predicted response, t i are the design variables, and ␤ i j are the coefficients used to fit the model. A complete description of response surface modeling can be found in, e.g., ͓16͔. Note that although the metamodels are constructed using a set of points at three discrete levels, the optimization solutions found using the metamodels need not be restricted to these discrete values.
Since response surface models are typically second-order polynomial models, they have limited capability to accurately model non-linear functions of arbitrary shape. Therefore, as part of this study we are investigating kriging models as alternatives to response surface models. Kriging models are interpolative approximations based on an exponentially weighted sum of the sample data ͓18,19͔. The kriging models used in this study consist of constant underlying ''global'' models combined with Gaussian correlation functions based on the results of our previous studies ͓20,21͔. To ensure that both sets of approximations are sufficiently accurate for use during optimization, the metamodels are validated using 25 additional points from ABAQUS ͓12͔.
Optimization Results
One advantage of using approximations such as response surface and kriging models is that the design space can be rapidly explored to examine the tradeoff between competing design objectives. For this example, a 5 5 search grid ͑3125 points͒ is used to explore the design space and predict the Pareto frontier. The Pareto frontier can be thought of as a ''trade-off curve'' of design points in the performance space, beyond which it is not possible to improve both objectives. A formal procedure for efficiently estimating the Pareto frontier using metamodels is presented in ͓17͔. As seen in Fig. 4 , the Pareto frontier can be readily captured using the metamodels themselves without using any optimization or a weighted-sum of the objectives with varying weights. The kriging model is a better predictor of force and deflection, while the response surface models are poor predictors of designs with large deflections. 
Experimental Results
A scaled prototype of the compromise design was constructed and tested in the laboratory. The free deflection was measured using a laser vibrometer, and the blocked force was measured using a 500 g load cell. The experimental setup is pictured in Fig.  5 , and the data is shown in Fig. 6 . The ABAQUS model underpredicts the free deflection and over-predicts the blocked force significantly at high voltage levels. This difference between the experimental data and the FEA predictions is attributed to the presence of the epoxy bonding layer, which is not accounted for in the finite element model.
Closing Remarks
A variable thickness PZT bimorph actuator design is proposed, where the PZT material is discretized into five segments along the length. It is desired to maximize both the tip deflection and blocked force of the actuator for application to minimally invasive surgical procedures. A metamodel-based approach is employed in this work to rapidly explore the design space and identify candidate designs along the Pareto frontier. The kriging models predict tip deflection and blocked force more accurately, particularly for the designs with high deflection and low blocked force. The plot of the Pareto frontier reveals that a unique maximum does not exist for this problem, but a compromise design is selected that provides sufficient force. A prototype of the compromise design was constructed, and experimental testing reveals that the bonding layer may significantly affect the performance of the bimorph actuator. 
